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Aggregation of Azo Dyes with Cationic Amphiphiles at Low
Concentrations in Aqueous Solution
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The aggregation of a series of n-alkyltrimethylammonium bromide (CnTAB, n ) 10, 12, 14, 16, and 18)
and 4-n-alkyl-1-methylpyridinium iodide amphiphiles (CmpyI, m ) 8, 10, 12, and 14) induced by low
concentrations of azo dyes in aqueous solution has been investigated by means of ultraviolet (UV)
spectroscopy. It was observed that aggregation takes place at surfactant concentrations far below the cmc
of C12TAB, C14TAB, C16TAB, and C18TAB with methyl orange (MO), ethyl orange (EO), and para-methyl
red (pMR). Aggregation below the cmc of C10TAB was also induced by EO. In the case of MO and pMR,
however, higher dye concentrations were necessary to induce aggregation. Interactions at low surfactant
concentrations have also been observed in aqueous solutions of C10pyI, C12pyI, and C14pyI with MO. Binding
of methyl red (MR), methyl yellow (MY), and azobenzene sulfonate (ABS) with cationic surfactants below
their cmc did not occur. Aggregation was reflected by the appearance of a blue-shifted absorption band
in the spectra of the dyes. Precipitates formed in aqueous solutions from the cationic surfactants and MO
and pMR are CnTA-MO, CnTA-pMR, and Cmpy-MO salts and consist of an equimolar ratio of surfactant
and dye. In similar experiments with EO, MR, MY, or ABS as the solvatochromic dye molecules, no
precipitation occurred, although surfactant-EO salts precipitated at high EO concentration. Dye-surfactant
salts formed from CnTAB and MO were found to form myelins in phase penetration experiments.
Temperatures at which myelins start to form increase upon increasing alkyl chain length of the surfactant
as revealed by optical microscopy. The formation of vesicles from C10TA-MO and from C12TA-MO crystals
was indicated by electron microscopy. The presence and position of the ionic group in the dye molecule
is important in determining the association. The importance of hydrophobic interactions is revealed by
the chain length dependence on the aggregation process and the observation that interactions are absent
in ethanol. Electrostatic interactions also play an important role, as shown by the effect of NaCl on the
binding process.
Introduction
The binding of dye molecules to proteins has been
extensively studied by spectral techniques. The data
provide insight into small molecule-macromolecule in-
teractions, which are of major importance in biochemistry.1
Particularly the interactions between cationic dye mol-
ecules and anionic proteins2 as well as those of anionic
dyes with cationic proteins3 have been the subject of
numerous studies. Changes in the absorption or fluores-
cence spectrum of the dye upon binding have been
attributed mainly to electrostatic interactions.4 Marked
changes also occur in the spectra of organic anions when
synthetic polymers are added. Charged5-7 as well as
nonionic8-10 polymers have been shown to interact with
azo dyes such as methyl orange (MO). It has been shown
that interactions between cationic polymers and MO
induce marked reductions in reduced viscosity.11,12 Not
only polymers are able to induce spectral changes but
also surfactants have been shown to aggregate with dye
molecules in aqueous solution. Cationic surfactants induce
changes in the spectra of anionic dyes such as 2-naph-
tholate,13 bromophenol blue,14 dansylglycine,15 and MO.11,16
Also, anionic surfactants interact with cationic dyes.17
Interestingly, the largest spectral changes are observed
at surfactant concentrations far below the cmc. The origin
of the spectral shifts is still a matter of debate in the
literature. Dye aggregation was held responsible for the
occurrence of the new band in the case of MO in aqueous
solutions of cationic polymers.6,7 Upon increasing polymer
concentration, dilution of the dye bound to the polymer
occurs and the MO spectrum shifts from that of aggregates
(1) (a) Stone, A. L.; Bradley, D. F. J. Am. Chem. Soc. 1961, 83, 3627.
(b) von Hippel, P. H.; McGhee, J. D. Annu. Rev. Biochem. 1972, 41, 231.
(c) Blake, A.; Peacocke, A. R. Biopolymers 1968, 6, 1225. (d) Waring,
M. J. J. Mol. Biol. 1965, 13, 269.
(2) (a) Klotz, I. M.; Marian Walker, F.; Pivan, R. B. J. Am. Chem. Soc.
1946, 68, 1486. (b) Klotz, I. M.; Marian Walker, F. J. Phys. Chem. 1947,
55, 666. (c) Klotz, I. M. J. Am. Chem. Soc. 1946, 68, 2299. (d) Klotz, I.
M.; Burkhard, R. K.; Urquhart, J. M. J. Am. Chem. Soc. 1952, 74, 202.
(e) Forbes, W. F.; Milligan, B. Aust. J. Chem. 1962, 15, 841. (f) Miller,
J. A.; Sapp, R. W.; Miller, E. C. J. Am. Chem. Soc. 1948, 70, 3458.
(3) Michaelis, L.; Granick, S. J. Am. Chem. Soc. 1946, 68, 1486.
(4) Vitagliano, V. In Aggregation Processes in Solution; Wyn-Jones,
E., Gormally, J., Eds.; Elsevier: Amsterdam, 1983; p 271-308 and
references therein.
(5) Klotz, I. M.; Royer, G. P.; Sloniewsky, A. R. Biochemistry 1969,
8, 4752.
(6) (a) Yamamoto, H.; Nakazawa, A.; Hayakawa, T. J. Polym. Sci.,
Polym. Lett. Ed. 1983, 21, 131. (b) Takagishi, T.; Ueno, T.; Kuroki, N.;
Shima, S.; Sakai, H. J. Polym. Sci., Polym. Chem. Ed. 1984, 22, 1281.
(7) Yamamoto, H.; Nakazawa, A. Biopolymers 1984, 23, 1367.
(8) (a) Hamada, K.; Fujita, M.; Mitsuishi, M. J. Chem. Soc., Faraday
Trans. 1990, 86, 4031. (b) Takagishi, T.; Fujii, S.; Kuroki, N. J. Colloid
Interface Sci. 1983, 94, 114. (c) Frank, H. P.; Barkin, S.; Eirich, F. R.
J. Phys. Chem. 1957, 61, 1375.
(9) Kim, W.-S.; Lee, S.-K.; Seo, K.-H. Macromol. Chem. Phys. 1994,
195, 449.
(10) Kobayashi, K.; Sumimoto, H. Macromolecules 1980, 13, 234.
(11) Wang, G.-J.; Engberts, J. B. F. N. Langmuir 1994, 10, 2583.
(12) Malik, W. U.; Pal Verma, S. J. Phys. Chem. 1966, 70, 26.
(13) Amire, O. A.; Burrows, H. D. In Surfactants in Solution; Mittal,
K. L., Bothorel, P., Eds.; Plenum Press: New York, 1986; Vol. 4.
(14) Colichman, E. L. J. Am. Chem. Soc. 1951, 73, 3385.
(15) Davis, G. A. J. Am. Chem. Soc. 1972, 94, 5089.
(16) Quadrifoglio, F.; Crezenzi, V. J. Colloid Interface Sci. 1971, 35,
447.
(17) (a) Neumann, M. G.; Gehlen, M. H. J. Colloid Interface Sci.
1990, 135, 209. (b) Mukerjee, P.; Mysels, K. J. J. Am. Chem. Soc. 1955,
77, 2937. (c) Sato, H.; Kawasaki, K.; Nakashima, N. Bull. Chem. Soc.
Jpn. 1983, 56, 3588. (d) Hamai, S. Bull. Chem. Soc. Jpn. 1985, 58, 2099.
(e) Sheppard, S. E.; Geddes, A. L. J. Chem. Phys. 1945, 13, 63.
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to that of monomers. Different polymers, however, give
rise to different shifts in the wavelength of maximum
absorption of MO. It was therefore postulated that the
larger shift was caused by the formation of higher-order
dye aggregates. The formation of MO dimers has errone-
ously been excluded on the basis of circular dichroism
experiments.18 Another interpretation was provided by
Quadrifoglio et al.16 who postulated a conformational
change from the trans to the cis form of the dye molecule
in order to explain the appearance of the short-wavelength
absorption band. However, using resonance Raman
spectroscopy it has been shown that the dye molecule
retains its trans form upon binding to proteins and cationic
surfactants.19 More recently, Dutta and Bhat20 proposed
the formation of “water-structure-enforced ion pairs in
which the headgroup of the surfactant molecule is attached
to the sulfonate group of MO” in order to explain the large
blue shift in the spectrum of MO upon addition of small
amounts of a cationic amphiphile. A short-wavelength
absorption band has also been observed upon addition of
inorganic salts (e.g., CaCl2) to MO,18,21 but simultaneously,
a precipitate is formed, which was thought to be the origin
of the blue-shifted absorption band.
In addition to proteins and polyelectrolytes, dyes have
also been employed as probes for the micropolarity of
cyclodextrines,22 reverse micelles,23 microemulsions,24
liquid crystals,25 bilayers,26 and monolayers.27 The short-
wavelength absorption band of MO has been reported in
studies of monolayers27 and microemulsions24 where MO
was used as a solvatochromic reporter molecule. In the
latter case, the appearance of the short-wavelength
absorption band was attributed to dye aggregation. In
another study, the incorporation of alcohols into cationic
micelles has been investigated using MO as a reporter
molecule.28
In the present study, we have investigated the inter-
actions of a series of n-alkyltrimethylammonium bromide
and 4-n-alkyl-1-methylpyridinium iodide amphiphiles
with methyl orange, ethyl orange, methyl red, para-methyl
red, methyl yellow, and azobenzene sulfonate (Chart 1)
in aqueous solution. Aggregation was monitored by UV-
vis spectroscopy, and the effect of alkyl chain length on
the aggregation process was examined. Also, effects of
structural variations of the azo dyes on the aggregation
process have been investigated. Dye-surfactant salts were
studied by optical microscopy, conductometry, and electron
microscopy with the aim of characterizing the morphology
of the aggregates formed in aqueous solution.
Experimental Section
Materials. C10TAB was purchased from Lancaster, C12TAB
from Sigma Chemical Co., C14TAB and dodecylamine from
Aldrich, C16TAB from Merck, and C18TAB from Fluka. Dode-
cylamine hydrochloride (DAHCl) was prepared by dissolving
dodecylamine in water and adding 1 equiv of HCl. The pH of
DAHCl solutions was adjusted to 6. The purity of all surfactants
was checked by 1H NMR. C10TAB and C12TAB were crystallized
from acetone. All surfactants, except C18TAB, were dried in vacuo
before use. C8pyI, C10pyI, C12pyI, and C14pyI were synthesized
according to a literature procedure.29
Methyl orange (MO), ethyl orange (EO), methyl yellow (MY),
and para-methyl red (pMR) were obtained from Acros Organics.
Methyl red (MR) and disodium tetraborate decahydrate were
purchased from Merck. Azobenzene was obtained from Aldrich.
MO was crystallized from doubly distilled water. EO was dried
in vacuo during one night. Azobenzene sulfonate (ABS) was
synthesized according to a literature procedure.30 Water was
demineralized and distilled twice in an all-quartz distillation
unit.
1H NMR spectra were measured at 200 or 300 MHz on a Varian
Gemini-200 or a Varian VXR-300 spectrophotometer, respec-
tively.
UV-vis Spectroscopy. UV-vis absorption spectra were
recorded on a Philips PU 8740 UV-vis spectrophotometer, a
Perkin-Elmer ì5, or a Perkin-Elmer ì12 spectrophotometer,
equipped with a thermostated cell compartment. MO, MR, pMR,
and ABS concentrations were 25 íM. The EO concentration was
23 íM, and that of MY was 12 íM. All solutions were prepared
in 0.02 M sodium borate buffers adjusted to pH 9.4.
Optical Microscopy. Melting points were determined on a
Kofler hot stage or a Mettler FP 2 melting point apparatus
equipped with a Mettler FP 21 microscope. Phase penetration
experiments were performed on an Olympus BX 60 polarization
microscope equipped with a Linkam THMS 600 hot stage.
Conductivity Experiments. Critical aggregation concentra-
tions were determined by conductivity experiments. Conductivi-
ties were determined on a Wayne-Kerr Autobalance Bridge B642
fitted with a Philips electrode PW 9512101 with a cell constant
of 0.71 cm-1. Solutions in the conductivity cell were stirred
magnetically and thermostated at the desired temperature.
Concentrations were corrected for volume changes.
Electron Microscopy. Transmission electron micrographs
were obtained using a JEM 1200 EX electron microscope
operating at 80 kV. Samples were prepared on carbon-coated
collodion grids. Samples were stained with 1% uranyl acetate.
C16TA-MO. The precipitate formed from a solution of C16-
TAB and MO was analyzed. Anal. Calcd for the 1:1 adduct,
(18) Dawber, J. G.; Fisher, D. T.; Warhurst, P. R. J. Chem. Soc.,
Faraday Trans. 1 1986, 82, 119.
(19) Kim, B.-K.; Kagayama, A.; Saito, Y.; Machida, K.; Uno, T. Bull.
Chem. Soc. Jpn. 1975, 48, 1394.
(20) (a) Dutta, R. K.; Bhat, S. N. Bull. Chem. Soc. Jpn. 1993, 66,
2457. (b) Dutta, R. K.; Bhat, S. N. Colloids Surf., A 1996, 106, 127.
(21) De Vijlder, M. J. Chem. Soc., Faraday Trans. 1 1983, 79, 155.
(22) Suzuki, M.; Takai, H.; Tanaka, K.; Narita, K.; Fujiwara, H.;
Ohmori, H. Carbohydr. Res. 1996, 288, 75.
(23) Zhu, D.-M.; Schelly, Z. A. J. Phys. Chem. 1992, 96, 7121. (b) Zhu,
D.-M.; Schelly, Z. A. Langmuir 1992, 8, 48.
(24) (a) Ortona, O.; Vitagliano, V.; Robinson, B. H. J. Colloid Interface
Sci. 1988, 125, 271. (b) Fujieda, T.; Ohta, K.; Wakabayashi, N.; Higuchi,
S. J. Colloid Interface Sci. 1997, 185, 332.
(25) (a) Ramesh, V.; Chien, H.-S.; Labes, M. M. J. Phys. Chem. 1987,
91, 5937. (b) Parthasarathy, R.; Labes, M. M. J. Phys. Chem. 1989, 93,
5874.
(26) Nakashima, N.; Fukushima, H.; Kunitake, T. Chem. Lett. 1981,
1555.
(27) Takahashi, M.; Kobayashi, K.; Takaoka, K.; Tajima, K. Langmuir
1997, 13, 338.
(28) Karukstis, K. K.; D’Angelo, N. D.; Loftus, C. T. J. Phys. Chem.
B. 1997, 101, 1968.
(29) Su¨dholter, E. J. R.; Engberts, J. B. F. N. J. Phys. Chem. 1979,
83, 1854.
(30) Griess, P. Ann. 1870, 154, 208.
Chart 1. Structures of the Azo Dyes
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C33H56N4SO3 (588.89): C, 67.31; H, 9.58; N, 9.51; S, 5.44. Found:
C, 66.91; H, 9.44; N, 9.42; S, 5.11.
Results and Discussion
UV-Vis Spectroscopy. The position of the long-
wavelength absorption band of azo dyes is sensitive to
medium effects; therefore, they can be used as solvato-
chromic micropolarity reporter molecules. For example,
the wavelength of maximum absorption of MO is posi-
tioned at 463 nm in water, whereas it is situated at 417
nm in ethanol.2e Similarly, upon binding of azo dyes to
hydrophobic aggregates, a shift in absorption maximum
occurs to shorter wavelengths. Although several dye
molecules are known to sometimes spontaneously ag-
gregate in aqueous solution, the dyes used in the present
study obey Beer’s law in the employed concentration
ranges. Although the absorption of MO shows a break at
0.5 mM, the absorption spectrum of MO fails to show a
distinct dimer band upon increasing dye concentration.16,31
Increasing the concentration of MO does, however, result
in a blue shift of the long wavelength absorption band.16
On the other hand, dyes like thionine32 and methylene
blue33 are known to aggregate in aqueous solution,
resulting in the appearance of a blue-shifted aggregate
band.
Absorption spectra of the azo dyes have been recorded
at different concentrations of surfactant. The spectra of
MO upon addition of different concentrations of C12TAB
are shown in Figure 1. Successive additions of small
concentrations of surfactant decrease the absorption of
the band at 463 nm. Further addition of surfactant gives
rise to a new band at ca. 380 nm. The absorption spectrum
shows the new band as a shoulder at a concentration of
4 mM of C12TAB, which is more than 3 times lower than
its cmc (13.3 mM).34 The intensity of the new band first
increases upon further increasing the surfactant concen-
tration and then decreases until a band at ca. 430 nm
appears, characteristic for MO bound to cationic micelles.35
The wavelengths of maximum absorption of MO upon
addition of C18TAB, C16TAB, C14TAB, C12TAB, and C10-
TAB in aqueous solution at a MO concentration of 25 íM
are presented in Figure 2a. The effect of C18TAB, C16TAB,
and C14TAB is similar to that of C12TAB; at concentrations
considerably below the cmc of the surfactants, a strong
interaction occurs that is reflected by the appearance of
the short-wavelength absorption band. Again, upon
increasing surfactant concentration this short-wavelength
absorption band gradually disappears at the expense of
the micellar band. The interactions are absent for C10-
TAB. However, upon increasing the dye concentration,
the short-wavelength absorption band indeed appears in
the absorption spectrum of MO. Table 1 compares the
cmc of CnTAB with the aggregation concentration of Cn-
TAB and MO at a MO concentration of 25 íM.
Similar results were obtained from experiments using
4-n-alkyl-1-methylpyridinium iodide surfactants as shown
in Figure 2b. In aqueous solutions of low concentrations
of C14pyI, C12pyI, and C10pyI, aggregation occurs with MO,
whereas interactions are absent at low concentrations of
C8pyI. The length of the total apolar moiety of C8pyI is
comparable to that of C10TAB, and in both cases, ag-
gregation at low surfactant concentration is absent (at a
MO concentration of 25 íM). The dependence of the
aggregation process on the alkyl chain length of the
surfactant indicates that hydrophobic interactions are
important in determining the intermolecular interactions.
The short-wavelength absorption band also appears in
absorption spectra of solutions of MO and dodecylamine
hydrochloride (DAHCl), the latter differing from C12TAB
in its headgroup being ammonium instead of trimethyl-
ammonium. The short-wavelength absorption band ap-
pears already at a DAHCl concentration of 0.4 mM,
whereas in solutions of C12TAB, it appeared at 4 mM. The
lowering of the aggregation concentration in the case of
DAHCl can be attributed to an increase in electrostatic
interactions relative to C12TAB but might, in part, also be
explained by a contribution of hydrogen-bonding inter-
actions between the ammonium headgroup and the
sulfonate group in the dye molecule.
Parts c and d of Figure 2 show similar results for the
addition of n-alkyltrimethylammonium bromide am-
phiphiles to pMR and EO, respectively, in aqueous solution
at pH 9.4. Note that low concentrations of C10TAB induce
a short-wavelength absorption band in the spectrum of
EO, whereas it is absent in the case of MO and pMR (at
similar dye concentration). In the case of C10TAB, the
short-wavelength absorption band in the spectrum of EO
is positioned at longer wavelengths than those observed
with amphiphiles possessing a longer hydrocarbon tail.
Again, increasing the EO concentration decreases the
short-wavelength absorption band until 395 nm, similar
to that observed for the other amphiphiles studied. These
results are again fully reconcilable with the role of
hydrophobic interactions in the aggregation process. This
is confirmed by the fact that the interactions between MO
and C12TAB are absent in ethanolic solutions. Solvophobic
interactions between solute molecules are decreased in
nonaqueous solvents such as dimethylformamide, toluene,
and ethanol,36 although recently vesicle formation has
been reported for ethanol-water solutions and for pure
ethanol.37 On the other hand, electrostatic interactions in
ethanol are stronger than those in water on the basis of
the dielectric constants of both solvents (24.3 for ethanol
and 78.5 for water),38 but apparently no aggregation
results from this effect. Moreover, the wavelength of(31) De Vijlder, M. J. Chem. Soc., Faraday Trans 1 1986, 82, 2377.(32) Lai, W. C.; Dixit, N. S.; Mackay, R. A. J. Phys. Chem. 1984, 88,
5364.
(33) Herz, A. H. Adv. Colloid Interface Sci. 1977, 8, 237.
(34) Berr, S. S.; Caponetti, E.; Johnsson, J. S., Jr.; Jones, R. R. M.;
Magid, L. D. J. Phys. Chem. 1986, 90, 5766.
(35) Reeves, R. L.; Harkaway, S. In Micellization, Solubilization,
and Microemulsions; Mittal, K., Ed.; Plenum Press: New York 1977.
(36) Ray, A. Nature 1971, 231, 313.
(37) Huang, J.-B.; Zhu, B.-Y.; Zhao, G.-X.; Zhang, Z.-Y. Langmuir
1997, 13, 5759.
(38) Bruno, T. J.; Svoronos, P. D. N. In CRC Handbook of Basic Tables
for Chemical Analysis; CRC Press: Boca Raton, FL; p 212.
Figure 1. Effect of C12TAB on the absorption spectrum of MO
in aqueous solution at 30 °C, pH 9.4, [MO] ) 25 íM. Numbers
correspond to surfactant concentrations (mM).
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maximum absorption of MO in water only slightly
increases upon addition of tetramethylammonium bro-
mide (TMAB). A red shift of 4 nm was observed upon
addition of 3.1 M TMAB. This again confirms that
hydrophobic interactions are important for aggregation.
To examine the importance of the presence and position
of the ionic group in the dye molecule, the effects of
surfactants on the absorption spectrum of MR and MY
were studied. In the MR molecule, the carboxylate group
is positioned ortho with respect to the azo bridge, whereas
in MY an ionic group is lacking. Although the MR molecule
is still fully conjugated, its wavelength of maximum
absorption in aqueous solution is smaller than that for
pMR. Presumably, forcing the aromate system out of
planarity results in a hypsochromic shift of the absorption
band.39 Both dyes do not undergo spectral shifts at low
surfactant concentrations. The position of the absorption
maximum gradually shifts from that in water to that in
micellar solution. Figure 2e presents results of experi-
ments using MR. Geometric reasons probably prevent
association in this case. It might be suggested that in the
case of MY, the electrostatic component in the aggregation
process is missing, thereby preventing efficient associa-
(39) Gore, P. H.; Wheeler, O. W. J. Am. Chem. Soc. 1956, 78, 2160.
Figure 2. Effect of cationic amphiphiles on the position of the wavelength of maximum absorption of azo dyes in aqueous solution
at 30 °C, pH 9.4, [MO] ) [pMR] ) [MR] ) 25 íM, [EO] ) 23 íM: (a) effect of CnTAB on the absorption spectrum of MO, (]) n
) 10, (b) n ) 12, (O) n ) 14, ([) n ) 16; (3) n ) 18, the symbols in parts c, d, and e have the same meaning as those in part a;
(b) effect of CmpyI on the absorption spectrum of MO, (1) m ) 8, (]) n ) 10, (b) n ) 12; (O) n ) 14; (c) effect of CnTAB on the absorption
spectrum of pMR; (d) EO; (e) MR. Measurements on solutions containing C18TAB were performed at 35 °C.
Table 1. Aggregation Concentration of CnTAB with MO
in 25 íM MO Solution and Critical Micelle
Concentrations of CnTAB
CnTAB cac (CnTA-MO) (mM) cmc (CnTAB) (mM)
n ) 12 2.09 13.3
n ) 14 0.159 4.41
n ) 16 0.024 1.0
n ) 18 0.014 2.92
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tion. However, in the case of ABS (with a sulfonate group
but without the dimethylamino substituent), the ag-
gregation at low surfactant concentration was also absent.
This indicates that both the dialkylamino substituent and
an ionic group are prerequisites for efficient binding. In
a study of the interactions of bovine and human serum
albumin with several azobenzene anions, it has been
observed that the isomeric position rather than the nature
of the anionic substituent is important.2d
Effect of Ionic Strength on Aggregation. The
aggregation process is strongly influenced by the ionic
strength. Figure 3 shows the effect of C16TAB on the
position of the absorption maximum of MO in the presence
of different concentrations of sodium chloride. The short-
wavelength absorption band observed at low concentra-
tions of C16TAB is diminished upon increasing the ionic
strength, probably through an increase in halide coun-
terion binding. The sensitivity to NaCl reflects the
importance of electrostatic interactions in the aggregation
process.40,41 In addition, interactions between anionic
surfactants (e.g., SDS) and MO are absent,11 whereas
cationic surfactants with comparable alkyl chain length
(e.g., C12TAB) do induce changes in the absorption
spectrum of MO.
Table 2 presents the wavelengths of maximum absorp-
tion of the dyes in aqueous solutions of the used surfac-
tants.
Precipitation. In aqueous solutions of MO and pMR
and surfactants (at concentrations below the cmc), pre-
cipitation occurs.42 Using 1H NMR it was shown that
crystals formed from aqueous solutions of CnTAB and MO
and pMR and from solutions of CmpyI and MO consist of
an equimolar ratio of surfactant and dye. Elemental
analysis (see Experimental Section) performed on the
material that precipitated from an aqueous solution of
C16TAB and MO confirmed this result. In contrast to MO
and pMR, crystallization does not occur in aqueous
solutions of EO at low concentrations of surfactant and
solutions are stable for more than 1 month. Probably
ordering into dye-surfactant crystals is less efficient for
EO with its diethylamino group compared to MO and pMR
with a less bulky dimethylamino group. However, upon
increasing the concentration of EO (above ca. 0.7 mM),
preciptation does occur. Analysis of crystals precipitated
from a solution of C16TAB and EO revealed a 1:1 molar
ratio of surfactant and dye. Crystallization has been
observed before in aqueous solutions of cationic am-
phiphiles and methyl orange.16,43 Precipitation of dye-
surfactant salts in a 1:1 molar ratio has been observed
before in aqueous solutions of cationic surfactants and
anionic dyes as well as in solutions of anionic surfactants
and cationic dyes.17b
Aggregation Behavior of CnTA-MO. The aggrega-
tion behavior of CnTA-MO in water was studied using
optical microscopy and electron microscopy. The critical
aggregation concentration was determined by conductivity
experiments. Under a polarizing microscope, the change
from solid material to closed bilayer structures in water
can be followed. The precipitate was isolated from aqueous
solutions of MO and cationic surfactants. Before precipi-
tation occurred, the absorption spectrum of the solutions
showed the short-wavelength absorption band. The alkyl-
trimethylammonium-MO crystals were subjected to a
so-called phase penetration experiment.44 Water was
brought into contact with the crystals, and upon heating
of the sample, the formation of myelin structures emerging
at the boundary with water was examined using a
polarizing microscope. Table 3 presents temperatures at
which myelins appeared (Tmyelin) and melting points. As
expected, Tmyelin increases upon increasing the alkyl chain
length of the surfactant in the surfactant-MO salt. Note
that the myelins are stable up to 100 °C. Myelins have
been proposed to consist of wormlike vesicles in which the
bilayers alternating with water layers are concentrically
arranged around a central core axis of water.45 Melting
points (Table 3) decrease upon increasing the alkyl chain
length of the amphiphiles; that is, increasing the alkyl
chain length decreases the packing efficiency and con-
sequently the stability of the surfactant-MO salts in the
solid.
The formation of myelin structures is common to many
compounds forming lamellar phases. Therefore, the
morphology of aggregates formed from C10TA-MO and
C12TA-MO crystals in water was studied by electron
microscopy. The material was dissolved in water at 50 °C
(40) Shirahama, K.; Takashima, K.; Takisawa, N. Bull. Chem. Soc.
Jpn. 1987, 60, 43.
(41) Hayakawa, K.; Sanaterre, J. P.; Kwak, J. C. T. Biophys. Chem.
1983, 17, 175.
(42) Attempts to obtain suitable crystals for X-ray diffraction have
not yet been successful.
(43) Hiskey, C. F.; Downey, T. A. J. Phys. Chem. 1954, 58, 835.
(44) Lawrence, A. S. C. InLiquid Crystals 2; Brown, G. H., Ed.; Gordon
and Breach: London, 1969; Part 1, p 1.
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Figure 3. Effect of ionic strength on the position of the
wavelength of maximum absorption of MO in aqueous solution
(pH 9.4) at 30 °C of C16TAB: (1) 0.01 M NaCl, (9) 0.1 M NaCl,
(O) 0.3 M NaCl, (2) 0.75 M NaCl.
Table 2. Wavelengths of Maximum Absorption of the








MO 463 431 ca. 380
EO 472 452 ca. 395
pMR 463 428 ca. 375
MR 429 416 a
MY 440 420 a
ABS 318 325 a
a Not observed.
Table 3. Temperature of Myelin Formation (TMyelin) and
Melting Points (mp) of n-Alkyltrimethylammonium-MO
Salts






a Myelins are stable up to 100 °C.
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in the case of C10TA-MO and at 70 °C in the case of C12-
TA-MO under stirring. Figure 4 shows an electron
micrograph of a 5.2 mM aqueous solution of C10TA-MO.
Vesicles with a diameter of 400-1000 nm are observed.
Vesicles formed from C12TA-MO are of similar size.Vesicle
solutions are stable for more than 1 week when kept above
Tmyelin but readily flocculate upon cooling.
It is tempting to view surfactant-MO salts as catanionic
surfactants. Characteristic for catanionic surfactants is
the formation of vesicles in mixtures of the two, whereas
micelles are formed in aqueous solutions of the separate
surfactants.46 However, MO is not a surfactant molecule
since it lacks surfactant properties such as effective
lowering of the surface tension and a well-defined critical
aggregation concentration.47 Nevertheless, it forms vesicles
in combination with an oppositely charged surfactant
analogous to catanionic surfactants. Moreover, vesicles
prepared in the present study form without the input of
significant mechanical agitation, a property characteristic
of catanionic vesicles.46 We contend that the dye molecule
should rather be viewed as a hydrophobic counterion. As
a result, the packing parameter of the surfactant molecule
(P), which usually determines the type of aggregate formed
by a surfactant molecule,48 increases by increasing the
volume of the hydrocarbon part of the surfactant (V).
Furthermore, the mean cross-sectional headgroup surface
area (a0) decreases considerably49 (eq 1; l is the alkyl chain
length).Asaresult of the increase in P, thenovel surfactant
displays vesicle instead of micelle formation. A value of
P < 1/3 is indicative of the formation of micelles, 1/3 < P
< 1/2 indicates the formation of wormlike micelles. Vesicles
are usually formed at 1/2 < P < 1. Counterions can have
a large influence on the aggregation behavior of surfac-
tants. Gamboa and Sepu´lveda50 studied the effect of
counterions on the aggregation behavior of cetyltri-
methylammonium surfactants. They observed a transition
from spherical to wormlike micelles upon addition of
tosylate, nitrate, and benzene sulfonate anions to cetyl-
trimethylammonium bromide surfactants, indicating a
packing parameter of 1/3 < P < 1/2 for the surfactant
monomer with strongly bound counterions. In the case of
cetyltrimethylammonium hydroxynaphthalenecarboxy-
late, vesicles are formed in aqueous solution,51 which
indicates that the surfactant monomer has a cylindrical
shape. The hydrophobic MO molecule is expected to have
a high degree of counterion binding leading to a cylindrical
shape (1/2 < P < 1) of the surfactant monomer (CnTA-
MO). Apparently, the shape of alkyltrimethylammonium
surfactants and thus the morphology of the aggregate
formed can be tuned by choosing suitable counterions.
The critical vesicle concentration of C10TA-MO as
determined by conductometry is 0.84 mM at 50 °C. The
aggregation concentration is dramatically lowered com-
pared to that of pure C10TAB, which forms micelles at a
concentration of 60.2 mM.34 Synergism in surface-active
properties is a general feature of mixtures of cationic and
anionic surfactants.46 The degree of counterion binding
(â) as calculated from the slopes before and after the cvc
in the plot of conductivity versus surfactant concentration
is 91%. This high degree of counterion binding implies
the formation of aggregates in which both components
are present in (almost) equal quantities. As observed by
UV-vis spectroscopy at 50 °C, the short-wavelength
absorption band in C10TA-MO solutions appears as a
shoulder in the absorption spectrum of MO at the cvc of
C10TA-MO. Increasing the C10TA-MO concentration
increases the intensity of the short-wavelength absorption
band. This implies that the short-wavelength absorption
band in the spectrum of aqueous solutions of C10TA-MO
is caused by the formation of vesicles. It seems, however,
unlikely that the short-wavelength absorption band in
the UV spectra of low concentrations of MO, pMR, and
EO upon addition of small amounts of cationic surfactant
is also caused by the formation of vesicles, which pre-
cipitate since measurements are performed below the
Krafft temperature52 of the surfactant-dye salts. In these
experiments, the concentration of dye is too low to induce
the formation of vesicles consisting of surfactant and dye.
The absorption spectrum of 50 íM MO shows the short-
wavelength absorption band at 3 mM C10TAB, whereas
the cvc of C10TA-MO is 0.84 mM. However, it is likely
that the molecular origin of the short-wavelength absorp-
tion band is the same in both cases.
The exact origin of the short-wavelength absorption
band is still not clear. It seems unlikely to explain the
shift in terms of a polarity effect, since the shape of the
new absorption band differs from that observed upon
changing solvent polarity. A conformational change of the
chromophore is also unlikely; resonance Raman spec-
troscopy on aqueous solutions of C16TAB and MO showing
the short-wavelength absorption band revealed a band
around 1500 cm-1 characteristic for the trans form of the
MO molecule.19 Also, the formation of surfactant-dye ion
pairs as proposed by Dutta and Bhat20 seems unplausible
because there is no reason the ion pair would only form
at low concentrations of surfactant. It seems more likely
that the hypsochromic shift observed in the spectrum of
(46) (a) Kaler, E. W.; Murthy, A. K.; Rodriguez, B. E.; Zasadzinski,
J. A. N. Science 1989, 245, 1371. (b) Talhout, R.; Engberts, J. B. F. N.
Langmuir 1997, 13, 5001. (c) Lucassen-Reynders, E. H.; Reynders, J.;
Giles, D. J. Colloid Interface Sci. 1981, 81, 150.
(47) Reeves, R. L.; Harkaway, S. A. J. Colloid Interface Sci. 1978, 64,
342.
(48) Israelachvili, J. N.; Mitchel, D. J.; Ninham, B. W. J. Chem. Soc.,
Faraday Trans. 2 1976, 72, 1525.
(49) Scheuing, D. R.; Weers, J. G. Langmuir 1990, 6, 665.
(50) Gamboa, C.; Sepu´lveda, L. J. Colloid Interface Sci. 1986, 113,
566.
(51) Hassan, P. A.; Narayanan, J.; Menon, S. V. G.; Salkar, R. A.;
Samant, S. D.; Manohar, C. Colloids Surf., A 1996, 117, 89.
(52) The Krafft temperature is the temperature at which the cmc
equals the solubility of the surfactant. See, for example: Van Doren,
H. A. In Carbohydrates as Organic Raw Materials III; Van Bekkum,
H., Roper, H., Voragen, F., Eds; VCH Publishers: Weinheim, Germany,
1996; p 255.
Figure 4. Negatively stained electron micrograph of vesicles
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MO, EO, and pMR upon addition of small amounts of
cationic surfactant is caused by the formation of dye
aggregates16,53 that are bound to surfactant aggregates.
The absence of isosbestic points in overlay spectra (e.g.,
Figure 1) suggests the formation of higher-order dye
aggregates. Although the formation of several dye ag-
gregates (except for MO) is well-known and is often
reflected by an absorption band blue-shifted relative to
the absorption band of the monomeric dye molecule,32,33
the absorption spectrum of MO does not show a dimer
band upon increasing dye concentration. However, the
asymmetric long-wavelength absorption band of MO in
pure water might hide an aggregate band indicating that
dye aggregates are already present at low MO concentra-
tions.16 The formation of dye aggregates induced by
surfactants is supported by the fact that the binding of
MO to cationic polymers in water (here also the short-
wavelength absorption band is observed) is cooperative.5
An MO molecule that binds to the cationic polymer creates
a more hydrophobic binding site and facilitates the binding
of another dye molecule. This implies that next to
electrostatic interactions hydrophobic stacking of the
aromatic parts of the azo dyes is also important in the
aggregation process. The change in wavelength of maxi-
mum absorption in the spectrum of MO from ca. 380 nm
to ca. 430 nm can be explained by dilution of the dye
aggregates over surfactant micelles, and consequently,
the spectrum of monomeric MO in a hydrophobic medium
is observed. It appears likely that the dye aggregates are
H-aggregates in which the chromophores are aggregated
in a parallel fashion.54 Characteristic for H-aggregates is
the blue shift of the absorption band of the chromophoric
unit due to favorable ð-ð stacking interactions of the
chromophores. Moreover, the new absorption band is
narrower and has lower intensity than that of pure
monomeric MO, analogous to literature data.55 Similar
results have been obtained in studies on amphiphiles
carrying an azobenzene chromophore unit.55,56 Here,
aggregation is reflected by a hypsochromic shift of the
absorption maximum of the chromophore. Although the
formation of H-aggregates provides an explanation for
the blue shift observed in the spectrum of MO upon
addition of small amounts of cationic surfactant, further
studies are necessary for a more detailed understanding
of the nature of the blue-shifted absorption band.
Conclusions
In the present study, the interactions of several n-
alkyltrimethylammonium bromide and 4-n-alkyl-1-me-
thylpyridinium iodide amphiphiles with a number of azo
dyes have been investigated. Aggregation of C12TAB, C14-
TAB, C16TAB, C18TAB, C10pyI, C12pyI, and C14pyI with
MO, EO, and pMR occurs at concentrations far below the
cmc and is reflected by a ca. 80 nm blue shift of the ð-ð*
absorption band of the chromophores. In the case of C10-
TAB and C8pyI, higher dye concentrations are necessary
to induce aggregation. Interactions of MR, MY, and ABS
with cationic surfactants are absent below the surfactants’
cmc.
Upon increasingsurfactant concentration, solubilization
of the aggregates occurs into surfactant micelles. The
importance of hydrophobic interactions is revealed by the
chain length dependence of the aggregation process and
by the observation that binding is absent in ethanol. The
importance of electrostatic interactions is evident from
the influence of NaCl on the aggregation process.
Precipitates isolated from aqueous solutions of CnTAB
(n ) 10, 12, 14, 16, 18) and MO and pMR and from solutions
of CmpyI (m ) 10, 12, 14) and MO have been shown to
consist of an equimolar ratio of surfactant and dye. Using
opticalmicroscopy, the formationofmyelinstructures from
CnTA-MO salts has been demonstrated. Myelin temper-
atures have been determined by optical microscopy. Krafft
temperatures increase upon increasing the alkyl chain
length of the surfactant. Melting points decrease upon
increasing the alkyl chain length of the amphiphiles. The
formation of vesicles from C10TA-MO crystals and from
C12TA-MO crystals has been demonstrated using electron
microscopy. Vesicles are stable above their Krafft tem-
perature but precipitate upon cooling.
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